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ABSTRACT: ATP-binding sites in the unphosphorylated Ca?*-ATPase of sarcoplasmic reticulum vesicles
were titrated with 2/,3’-0-(2,4,6-trinitrocyclohexadienylidene)-[*H]AMP (TNP-AMP) or -[*H]ATP
(TNP-ATP) in the absence of Ca?* at pH 7.0 and 0 °C by using a centrifugation procedure. In some
measurements, the bound TNP-nucleotides were chased with ATP. The data were analyzed by best-fit
computer programs as well as by Scatchard plots. The results showed the existence of 1 mol of TNP-AMP
binding sites with high affinity (K4 = 7.62 nM) per mole of phosphorylatable sites. The affinity of these
sites for ATP (Ky = 10.1 uM) agreed with that of catalytic sites for ATP in the absence of Ca?*. The results
further showed the existence of 2 mol of TNP-ATP binding sites with uniform affinity (K4 = 156 nM) per
mole of phosphorylatable sites. Half of the bound TNP-ATP was fully chased by low concentrations of
ATP. The affinity of this class of the sites for ATP (K; = 8.9 uM) again agreed with that of catalytic sites
for ATP. The other half of the bound TNP-ATP was fully chased only by much higher concentrations
of ATP. Thus, the affinity of this class of the sites for ATP (K; = 791 uM) was much lower than that
of catalytic sites for ATP. Similar measurements were performed with sarcoplasmic reticulum vesicles
pretreated by /N-(iodoacetyl)-N~(5-sulfo-1-naphthyl)ethylenediamine. Although the affinities for TNP-ATP
and for ATP were appreciably altered by this pretreatment, the results were essentially the same as those
obtained with native vesicles. These results demonstrate that, in the unphosphorylated enzyme, there exists
1 mol of low-affinity ATP-binding sites as well as 1 mol of high-affinity ATP-binding sites (catalytic sites)
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Young, A. B., & Snyder, S. H. (1974) Mol. Pharmacol. 10,

per mole of phosphorylatable sites.

’Ee membrane-bound Ca?*-ATPase of sarcoplasmic reti-
culum catalyzes the active Ca?* transport coupled to ATP
hydrolysis (Hasselbach & Makinose, 1961; Ebashi & Lip-
mann, 1962). The enzyme consists of a 110-kDa single po-
lypeptide chain (Brandl et al., 1986) that has one catalytic
site with a high affinity for ATP (Meissner, 1973; Dupont,
1977; Mitchinson et al., 1982; Inesi et al., 1982).

The ATPase activity is modulated by ATP in a complex
manner, so that it exhibits non-Michaelian behavior with re-
spect to ATP (Inesi et al., 1967, Yamamoto & Tonomura,
1967; Dupont, 1977; Verjovski-Almeida & Inesi, 1979). It
has been shown that several steps in the catalytic cycle are
accelerated by ATP binding to a putative regulatory site(s)
at concentrations higher than those required for saturation of
the catalytic site (Yamamoto & Tonomura, 1967; de Meis &
de Mello, 1973; Froehlich & Taylor, 1975; Scofano et al.,
1979; Mclntosh & Boyer, 1983). These regulations are due
to nonhydrolytic effects of ATP because the accelerations can
be also induced by nonhydrolyzable ATP analogues (Dupont,
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1977, Taylor & Hattan, 1979; McIntosh & Boyer, 1983;
Dupont et al., 1985; Champeil et al., 1988; Seebregts &
MclIntosh, 1989).

It has been well documented that hydrolysis of EP! is
modulated by ATP binding to the catalytic site of EP after
the departure of ADP (Mclntosh & Boyer, 1983; Bishop et
al., 1987, Champeil et al., 1988; Seebregts & Mclntosh, 1989).
On the other hand, there are accumulating observations to
suggest that ATP-induced regulations may be due to inter-
action between two distinct classes of ATP-binding sites or
to dimeric interaction between two catalytic sites in the sub-
units (Ikemoto, 1982; Dupont et al., 1982; Carvalho-Alves et
al., 1985; Dupont et al., 1985; Ferreira & Verjovski-Almeida,
1988). However, no convincing evidence for the existence of
regulatory ATP-binding sites other than the catalytic site of
EP has been presented so far.

One of the main obstacles to conclusive evidence for these
regulatory sites is the difficulty of direct titration by ATP due

! Abbreviations: EP, phosphoenzyme; SRV, sarcoplasmic reticulum
vesicles; TNP-AMP, 2/,3/-0-(2,4,6-trinitrocyclohexadienylidene)-AMP;
TNP-ATP, 2/,3’-0-(2,4,6-trinitrocyclohexadienylidene)-ATP; [-EDANS,
N-(iodoacetyl)-N"~(5-sulfo-1-naphthyl)ethylenediamine; EDANS, N-
acetyl-N-(5-sulfo-1-naphthyl)ethylenediamine; Tris, tris(hydroxy-
methyl)aminomethane; MOPS, 3-(N-morpholino)propanesulfonic acid;
EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid.
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to the predicted low affinity for ATP (Inesi et al., 1967;
Yamamoto & Tonomura, 1967; Dupont, 1977; McIntosh &
Boyer, 1983). Previously, Dupont et al. (1985) tried to titrate
regulatory sites using fluorescent nonhydrolyzable ATP ana-
logues, TNP-nucleotides, as these analogues were shown to
bind to nucleotide binding sites with very high affinity (Dupont
et al., 1982). From the findings in the ATP-induced chase
of TNP-nucleotides, the authors suggested the existence of
low-affinity ATP-binding sites. However, the evidence was
not conclusive since, in their fluorescence measurements, the
ATP-induced chase was limited by an inevitable dilution ar-
tifact due to addition of high concentrations of Mg-ATP and
as a result the full chase was not achieved.

In the present work, we have titrated ATP-binding sites with
TNP-[*H]AMP or TNP-[*H]ATP using centrifugation pro-
cedures followed by radioactivity measurements. The bound
TNP-[*H]AMP and TNP-[*H]ATP have been almost com-
pletely chased by added ATP with no appreciable artifact. The
results thus obtained clearly demonstrate that, in the un-
phosphorylated enzyme, there exists 1 mol of low-affinity
ATP-binding sites as well as 1 mol of high-affinity ATP-
binding sites (catalytic sites) per mole of phosphorylatable sites.

EXPERIMENTAL PROCEDURES

Materials. ATP was purchased from Boehringer Mann-
heim. I-EDANS was obtained from Aldrich. [2-*H]AMP
and [2,8-*H]ATP were from Amersham and ICN Biochem-
icals Inc., respectively. TNP-[*H]AMP and TNP-[*H]ATP
were synthesized according to Hiratsuka (1982) using [2-
SHJAMP and [2,8-*H]ATP. [y-2P]ATP was prepared by the
method of Post and Sen (1967). Protein concentrations were
determined according to Lowry et al. (1951) with bovine serum
albumin as a standard.

Preparation of Native SRV. Native SRV were prepared
from rabbit skeletal muscle as described previously (Kanazawa
et al., 1971) and stored in 0.3 M sucrose, 0.1 mM CaCl,, 0.1
M KCl, and 5 mM MOPS-Tris (pH 7.0) at -80 °C.

Treatment of Native SRV with I-EDANS. Treatment of
native SRV with [-EDANS was performed as described
previously (Suzuki et al., 1987). Activities of ATP hydrolysis
and Ca?* transport were not substantially impaired by this
treatment, as compared to native SRV.

Measurements of Binding of TNP-[*H|AMP or TNP-
[PH)ATP. Native SRV or EDANS-SRV were suspended in
20 mM MOPS-Tris (pH 7.0) containing 2 mM EGTA, 10
mM MgCl,, 0.1 M KCl, and different concentrations of either
TNP-[*H]AMP or TNP-[*H]ATP. After incubation at 0 °C
for 15 min, the suspension was centrifuged at 541000g for 20
min at 0 °C in an ultracentrifuge (Hitachi, HIMAC
CP100H). In some measurements, a small volume of ATP
was added 10 min after the start of incubation. The resulting
suspension had a composition of 20 mM MOPS-Tris (pH 7.0),
2 mM EGTA, 10 mM MgCl,, 0.1 M KCl, a given concen-
tration of either TNP-[*’H]AMP or TNP-[*H]ATP, and
different concentrations of ATP. The suspension was further
incubated for 15 min at 0 °C for equilibration and then cen-
trifuged as described above. The temperature was monitored
during the spin, and its change was found to be within 1 °C
throughout. More than 98% of native SRV and EDANS-SRV
were sedimented as judged from protein concentrations and
from fluorescence intensities of bound EDANS in the su-
pernatants. The concentration of free TNP-[’H]AMP or free
TNP-[*H]ATP was obtained from the radioactivity of the
supernatant. The amount of bound TNP-[*H]AMP or bound
TNP-[3H]ATP was obtained from the difference in radioac-
tivity between the suspension before centrifugation and the
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FIGURE 1: Binding of TNP-AMP to native SRV. Native SRV (20.0
ug of protein/mL) were incubated with different concentrations of
TNP-[*H]AMP as indicated on the abscissa, and the amounts of bound
TNP-[*H]AMP were measured. From a linear regression of the
Scatchard plot in the inset, the dissociation constant (X,) and the
number of binding sites (V) were estimated to be 7.62 nM and 2.50
nmol of binding sites/mg of protein, respectively. The solid line
represents a simulation deduced on the assumption that TNP-AMP
binds to homogeneous sites with K| and NV as estimated above.

supernatant after centrifugation.

Analyses of Binding Data. For TNP-[*H]AMP binding,
Scatchard plots were analyzed by least-squares fit to a straight
line. For TNP-[*H]ATP binding as well as for ATP-induced
chase of bound TNP-[*H]AMP or TNP-{°*H]ATP, data were
analyzed by using a FORTRAN program according to Mar-
quardt’s algorithm (Marquardt, 1963) which combines the
gradient search with the method of linearizing the fitting
function for least-squares estimation of nonlinear parameters
[see pp 235-242 in Bevington’s textbook (Bevington, 1969)
for details of this FORTRAN program].

Determination of EP. Phosphorylation of native SRV or
EDANS-SRV was carried out with [y-*?P]ATP according to
Barrabin et al. (1984). The amount of EP was determined
as described previously (Takakuwa & Kanazawa, 1982).

RESULTS

Binding of TNP-AMP to Native SRV. Binding of TNP-
AMP to native SRV was determined at different TNP-AMP
concentrations (Figure 1). The binding was saturated at very
low concentrations of TNP-AMP. The Scatchard plot was
approximately linear (the inset of Figure 1), and the least-
squares fit to a straight line revealed the existence of 2.50 nmol
of homogeneous binding sites/mg of protein with a dissociation
constant of 7.62 nM. The level of EP determined as described
under Experimental Procedures was 2.02 nmol/mg of protein.
Since the total number of phosphorylatable catalytic sites is
10-15% higher than this EP level (see Discussion), these results
indicate that there exists 1 mol of high-affinity TNP-AMP
binding sites per mole of phosphorylatable catalytic sites in
native SRV.

ATP-Induced Chase of TNP-AMP Bound to Native SRV.
Native SRV (this preparation gave 2.02 nmol of EP/mg of
protein) were incubated with TNP-AMP, and then the bound
TNP-AMP was chased by addition of different concentrations
of ATP (Figure 2). The bound TNP-AMP decreased with
increasing ATP concentration and was almost completely
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FIGURE 2: ATP-induced chase of TNP-AMP bound to native SRV.
Native SRV were incubated with TNP-[*HJAMP, and then the bound
TNP-[*H]AMP was chased by addition of different concentrations
of ATP. The final concentrations of native SRV, TNP-[*H]AMP,
and ATP were 20.0 ug of protein/mL (50.0 nM TNP-AMP binding
sites), 60.0 nM, and concentrations indicated on the abscissa, re-
spectively. The assumption of competitive binding of TNP-[*H]AMP
and ATP to homogeneous independent sites leads to eq 1, where IV,
[ES] ={(N+ S+ K, + IK,/K;) -

[(N+ S+ K, + IK, /K;)* - 4NS]'/3 /2 (1)

(ES], S, and 7 denote concentrations of TNP-AMP binding sites,
bound TNP-[*H]AMP, added TNP-(*H]AMP, and free ATP, re-
spectively. K, and K, signify dissociation constants of the sites for
TNP-[*H]JAMP and ATP, respectively. By the best fit to eq 1 using
N (50.0 nM) and K estimated in Figure 1 as well as using concen-
trations of added ATP as an approximation of /, K, was estimated
to be 10.1 uM. The solid line represents a simulation deduced from
eq | with these parameters.

chased by | mM ATP. The estimated dissociation constant
for ATP (10.1 uM) agreed with the previously reported affinity
of catalytic sites for ATP in the absence of Ca?* (Meissner,
1973; Dupont, 1977). This indicates that TNP-AMP exclu-
sively binds to catalytic sites under the given conditions.

Binding of TNP-ATP to Native SRV. Binding of TNP-
ATP to native SRV (this preparation gave 2.02 nmol of
EP/mg of protein) was determined at different TNP-ATP
concentrations (Figure 3). Since the amount of bound
TNP-ATP at saturating concentrations was approximately
twice as large as that of bound TNP-AMP (cf. Figure 1), it
was assumed that there exist two classes of TNP-ATP binding
sites (sites 1 and 2) equal in number. The results of the best
fit to eq 2 deduced from this assumption (see the legend for
Figure 3) and the observed excellent fit of the simulation
strongly suggest that the enzyme has 2 mol of TNP-ATP
binding sites/mol of phosphorylatable catalytic sites and that
these sites have a uniform affinity for TNP-ATP. The
Scatchard plot (the inset of Figure 3) gave a single straight
line with a slope of —6.41 uM™! having no break and an in-
tercept of 4.46 nmol of binding sites/mg of protein on the
abscissa. This finding is consistent with the above conclusion
deduced from the best fit to eq 2.

ATP-Induced Chase of TNP-ATP Bound to Native SRV.
Native SRV (this preparation gave 2.02 nmol of EP/mg of
protein) were incubated with TNP-ATP, and then the bound
TNP-ATP was chased by addition of different concentrations
of ATP (Figure 4). Half of the bound TNP-ATP was fully
chased by low concentrations of ATP, whereas the other half
of the bound TNP-ATP was fully chased only when ATP
concentrations were much higher. The dissociation constants
of sites 1 and 2 for ATP were estimated to be 8.9 and 791 uM,
respectively. Thus, the affinity of site 1 for ATP agreed with
the affinity of catalytic sites for ATP in the absence of Ca?*.

Suzuki et al.
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FIGURE 3: Binding of TNP-ATP to native SRV. Native SRV (20.0
ug of protein/mL) were incubated with different concentrations of
TNP-[*H]ATP as indicated on the abscissa, and the amounts of bound
TNP-[*H]ATP were measured. The assumption of the existence of
two classes of independent binding sites (sites 1 and 2) equal in number
leads to eq 2, where V, [ES], and S denote the number of site 1 (or

[ES]=N/(1+K,/S) + N/(1 + K;/S) (2)

site 2), the amount of bound TNP-[*H]JATP, and the concentration
of free TNP-[*H]ATP, respectively. K, and K, signify dissociation
constants for TNP-[3H]ATP of sites 1 and 2, respectively. By the
best fit to eq 2, K, K, and N were estimated to be 156 nM, 156 nM,
and 2.23 nmol of binding sites/mg of protein, respectively. The
Scatchard plot is shown in the inset. The solid lines represent sim-
ulations deduced from eq 2 with the parameters estimated above.

In contrast, the affinity of site 2 for ATP was much lower than
that of catalytic sites for ATP. These findings show that there
exists 1 mol of low-affinity ATP-binding sites as well as 1 mol
of high-affinity ATP-binding sites per mole of phosphoryl-
atable catalytic sites in native SRV,

Binding of TNP-AMP to EDANS-SRV. As shown later,
we found unexpectedly that affinities of the sites for TNP-ATP
were appreciably modified by the I-EDANS treatment.
Fortunately, this allowed us to directly distinguish site 2 from
site 1 without the ATP-induced chase. For this reason, binding
measurements were performed with EDANS-SRYV in the
following experiment. First, binding of TNP-AMP to
EDANS-SRYV was determined at different TNP-AMP con-
centrations under the same conditions as described in Figure
1 except for 70.0 ug of protein of EDANS-SRV/mL (not
shown). The binding showed a saturation in the concentration
range from 0.3 to 1.0 uM TNP-AMP. The Scatchard plot
was again linear, giving 3.00 nmol of homogeneous binding
sites/mg of protein with a dissociation constant of 7.27 nM.
With this preparation of EDANS-SRYV used, the level of EP
was found to be 2.27 nmol/mg. These observations show the
existence of 1 mol of high-affinity TNP-AMP binding
sites/mol of phosphorylatable catalytic sites. This finding is
essentially the same as that obtained with native SRV (cf.
Figure 1).

ATP-Induced Chase of TNP-AMP Bound to EDANS-
SRV. EDANS-SRYV (this preparation gave 2.27 nmol of
EP/mg of protein) were incubated with TNP-AMP, and then
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FIGURE 4: ATP-induced chase of TNP-ATP bound to native SRV,
Native SRV were incubated with TNP-[*H]ATP, and then the bound
TNP-[PH]ATP was chased by addition of different concentrations
of ATP. The final concentrations of native SRV, TNP-[*H]ATP,
and ATP were 70.0 ug of protein/mL [156 nM site 1 (or site 2)}],
2.00 uM, and concentrations indicated on the abscissa, respectively.
The assumption of competitive binding of TNP-[*H]ATP and ATP
to independent sites (sites | and 2) leads to eq 3, where N, [ES], S,
[ES] =

N/L+ K /S + K I/(KS)] + N/[1 + Ky/S + Kol /(K,S)] (3)

K|, and K, have the same meanings as in Figure 3. 7 designates the
concentration of free ATP. K and K, denote dissociation constants
for ATP of sites | and 2, respectively. By the best fit to eq 3 using
K, Ky, and N estimated in Figure 3 as well as using concentrations
of added ATP as an approximation of /, K; and K, were estimated
to be 8.9 and 791 uM, respectively. The solid, broken, and dotted
lines represent simulations deduced from eq 3, the first term of eq
3, and the second term of eq 3, respectively, with the above parameters.

the bound TNP-AMP was chased by addition of different
concentrations of ATP (not shown). The final concentrations
of EDANS-SRYV and TNP-AMP were 20.0 ug of protein/mL
(60.0 nM TNP-AMP binding sites) and 100 nM, respectively.
The bound TNP-AMP decreased with increasing ATP con-
centration, and almost all the bound TNP-AMP was chased
with 2.5 mM ATP. By the best fit to eq 1 given in the legend
for Figure 2 using the concentration of binding sites (N = 60.0
nM) and the dissociation constant for TNP-AMP (K, = 7.27
nM) estimated above as well as using concentrations of added
ATP as an approximation of the concentration of free ATP
(I), the dissociation constant for ATP (X,) was estimated to
be 13.9 uM. This value agreed with the affinity of catalytic
sites for ATP in the absence of Ca?*. These findings again
strongly suggest that the TNP-AMP binding sites are actually
catalytic sites.

Binding of TNP-ATP to EDANS-SRV. The binding of
TNP-ATP to EDANS-SRY (this preparation gave 2.72 nmol
of EP/mg of protein) was determined at different TNP-ATP
concentrations (Figure 5A)., Since the amount of bound
TNP-ATP at saturating TNP-ATP concentrations was ap-
proximately twice as large as that of bound TNP-AMP, it was
again assumed that there exist two classes of TNP-ATP
binding sites (sites 1 and 2) equal in number. The results of
the best fit to eq 2 and the excellent fit of the simulation
indicate that there exists 2 mol of TNP-ATP binding sites/mol
of phosphorylatable catalytic sites and that the affinity for
TNP-ATP of site 1 is 6—7 times as high as that of site 2. This
difference in the affinity between sites 1 and 2 with
EDANS-SRY is in contrast to the observed equality of the
affinity between sites I and 2 with native SRV (cf. Figure 3).

The Scatchard plot of TNP-ATP binding to EDANS-SRV
was not linear (Figure 5B). This is consistent with the above

Biochemistry, Vol. 29, No. 30, 1990 7043

T T T T
A
~
g‘Gr o_|
= -]
2 - 0, .00>5%% © °
€ o = 4
£ 2 5%
a
.__lor _1
<«
I
a - —
z
-
Q -
z 2 T
=3
o
m —
1 1 1
0 1 A
BTBA
EZa0f
2a
¥
o )20
£g
Ii—
%gw
z
Lo u
Zz
3 o
o
%dl

BOUND TNP-ATP (nmol/mg)

BOUND TNP-ATP (nmoi/mg) / FREE TNP-ATP (uM)

BOUND TNP-ATP (nmol/mg)

FIGURE 5: Binding of TNP-ATP to EDANS-SRV. (A) EDANS-
SRV (70.0 ug of protein/mL) were incubated with different con-
centrations of TNP-[*H]ATP as indicated on the abscissa, and the
amounts of bound TNP-[*H]ATP were measured. The assumption
of the existence of two classes of independent binding sites (sites 1
and 2) equal in number leads to eq 2 given in the legend for Figure
3. By the best fit to eq 2, K, K, and N were estimated to be 98.5
nM, 637 nM, and 3.20 nmol of binding sites/mg of protein, re-
spectively. The solid line represents a simulation deduced from eq
2 with the parameters estimated above. (B) The Scatchard plot of
the binding data in (A) is shown. The solid line represents a simulation
which is deduced from eq 2 with the Jaarameters estimated in (A).
(Inset a) The Scatchard plot of TNP-[’H)ATP binding is made after
subtraction of the amounts of bound TNP-[*H]ATP calculated from
the second term of eq 2. The solid line represents a simulation deduced
from the first term of eq 2. (Inset b) The Scatchard plot of
TNP-[*H]ATP binding is made after subtraction of the amounts of
bound TNP-[?H]ATP calculated from the first term of eq 2. The
solid line represents a simulation deduced from the second term of
eq 2.

conclusion, again indicating that the TNP-ATP binding sites
are not homogeneous. The Scatchard plot after subtraction
of theoretical amounts of TNP-ATP bound to site 2 was linear
and revealed the existence of 3.20 nmol of site 1/mg of protein
with a dissociation constant of 98.5 nM (inset a of Figure 5B).
The Scatchard plot after subtraction of theoretical amounts
of TNP-ATP bound to site 1 was also approximately linear
and revealed the existence of 3.20 nmol of site 2/mg of protein
with a dissociation constant of 637 nM (inset b of Figure 5B).
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FIGURE 6: ATP-induced chase of TNP-ATP bound to EDANS-SRYV.
EDANS-SRV were incubated with TNP-[’H]ATP, and then the
bound TNP-[*H]JATP was chased by addition of different concen-
trations of ATP. The final concentrations of EDANS-SRYV,
TNP-[*H]ATP, and ATP were 70.0 ug of protein/mL [224 nM site
1 (or site 2)], 2.00 uM, and concentrations indicated on the abscissa.
The assumption of competitive binding of TNP-[*H]ATP and ATP
to independent sites (sites 1 and 2) leads to eq 3 given in the legend
for Figure 4. By the best fit to eq 3 using K|, K;, and NV estimated
in Figure 5A as well as using concentrations of added ATP as an
approximation of /, Ky and K, were estimated to be 13.9 and 312 uM,
respectively. The solid, broken, and dotted lines represent simulations
deduced from eq 3, the first term of eq 3, and the second term of eq
3, respectively, with the above parameters.

All these findings demonstrate that there exists 1 mol of
low-affinity TNP-ATP binding sites (site 2) as well as 1 mol
of high-affinity TNP-ATP binding sites (site 1) per mole of
phosphorylatable catalytic sites in EDANS-SRYV.
ATP-Induced Chase of TNP-ATP Bound to EDANS-SRYV.
EDANS-SRYV (this preparation gave 2.72 nmol of EP/mg of
protein) were incubated with TNP-ATP, and then the bound
TNP-ATP was chased by addition of different concentrations
of ATP (Figure 6). The dissociation constants for ATP of
sites | and 2 were estimated to be 13.9 and 312 uM, respec-
tively. Thus, the affinity of site 1 for ATP agreed reasonably
with the affinity of catalytic sites for ATP in the absence of
Ca?*. On the other hand, the affinity of site 2 for ATP was
much lower than that of catalytic sites for ATP. This con-
clusion is essentially the same as that obtained with native SRV
although affinities of these sites for TNP-ATP and ATP were
appreciably modified by the [.-EDANS treatment.

DiISCuUsSION

The present results demonstrate that there exists 1 mol of
low-affinity ATP-binding sites as well as 1 mol of high-affinity
ATP-binding sites per mole of phosphorylatable catalytic sites
in the unphosphorylated Ca?*-ATPase of SRV.

In this study, the number 10-15% higher than the level of
EP formed from ATP according to Barrabin et al. (1984) has
been used as a reasonable estimate of the total number of
phosphorylatable catalytic sites because of the steady-state
character of this EP level. The reliability of this estimation
has been well documented by Inesi and co-workers (Inesi et
al., 1982; Barrabin et al., 1984).

One might suspect that the observed low-affinity ATP-
binding sites are derived from the deteriorated catalytic sites
in the partially denatured Ca?*-ATPase or from contaminant
proteins possibly having low-affinity ATP-binding sites.
However, these possibilities are unlikely because the stoi-
chiometry of 1 mol of the low-affinity ATP-binding sites/mol
of phosphorylatable catalytic sites is consistently obtained with
different preparations of SRV. This is typically shown by the

Suzuki et al.

finding that the stoichiometry is retained even when the level
of EP fluctuates from 2.02 nmol of EP/mg of protein (Figures
3 and 4) to 2.72 nmol of EP/mg of protein (Figures 5 and 6).

The finding that 1 mol of TNP-AMP/mol of phosphoryl-
atable catalytic sites binds to SRV (native SRV and
EDANS-SRYV) with very high affinity (see Figure 1 and text)
is consistent with the results previously reported by Bishop et
al. (1987) and by Seebregts and McIntosh (1989). The finding
that 2 mol of TNP-ATP/mol of phosphorylatable catalytic
sites binds to SRV (native SRV and EDANS-SRYV) (Figures
3 and 5) is also compatible with the results previously reported
by Watanabe and Inesi (1982) and by Dupont et al. (1982,
1985). However, the observed affinity for TNP-ATP in the
present experiment is much higher than that reported by
Watanabe and Inesi (1982). This discrepancy remains un-
solved but may possibly be due to the difference in SRV
concentrations used. Actually, we used 0.02 mg of protein/mL
and found a single dissociation constant of 0.156 uM with
native SRV, whereas Watanabe and Inesi used 0.8 mg of
protein/mL and found two different dissociation constants of
1.5 and 160 uM with native SRV,

As stated above, for TNP-ATP binding to native SRV
(Figure 3), we found a single dissociation constant from the
best-fit analysis of binding data and from the linearity of the
Scatchard plot. Although this appears to suggest that TNP-
ATP binding sites might be homogeneous, it does not exclude
the possibility that these sites are actually heterogeneous. In
fact, the ATP-induced chase of bound TNP-ATP (Figure 4)
reveals that the TNP-ATP binding sites consist of two popu-
lations having greatly different affinities for ATP. Dupont
et al. (1985) previously tried to perform the ATP-induced
chase of a bound TNP-ATP analogue in the fluorometric
measurements and obtained findings suggestive of two distinct
classes of nucleotide binding sites. However, the second part
of this chase (possibly corresponding to low-affinity ATP-
binding sites) was not fully observed since it was difficult to
use high concentrations of Mg-ATP for the chase without a
dilution artifact. On the other hand, in the present experiment,
the evidence for two distinct classes of TNP-ATP binding sites
has been directly obtained without the ATP-induced chase by
using EDANS-SRYV in place of native SRV (Figure 5).

Previously, in photoaffinity labeling with 3’-(arylazido)-
ATP, Carvalho-Alves et al. (1985) suggested the existence of
two distinct low- and high-affinity nucleotide sites. However,
the observed levels of labeling are too high (6.5-9.0 nmol of
label/mg of protein in binding to the high-affinity sites and
20-22 nmol of label/mg of protein in binding to both the low-
and high-affinity sites), being inconsistent with our present
results and also quite incompatible with the previously reported
concentration of catalytic sites (Barrabin et al., 1984; Gafni
& Boyer, 1984).

It is not clear at present whether the observed low- and
high-affinity ATP-binding sites exist on a single polypeptide
chain of the enzyme or the low-affinity ATP-binding sites are
derived from catalytic sites modulated by a possible dimeric
interaction. In the present analysis, it is assumed that binding
sites are independent. However, this does not exclude the
possibility of dimeric interaction. A number of findings in
favor of dimeric interaction have been reported (Ikemoto, 1982;
Dupont et al., 1985). Recently, Ferreira and Verjovski-Al-
meida (1988) have found that a maximum level of EP formed
from UTP is twice as high as that of EP formed from ATP,
suggesting half-of-the-sites reactivity induced by dimeric in-
teraction in the presence of ATP. On the other hand, unfa-
vorable findings for half-of-the sites reactivity have also been
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reported by many authors (Bishop et al., 1987, Champeil et
al., 1988; Seebregts & Mclntosh, 1989). Indeed, a dimeric
interaction is still a matter of controversy.

Quite recently, by using spin-labeled 2-azido-ATP, Jakobs
et al. (1989) obtained ESR spectra indicative of distinct and
possibly adjacent ATP-binding sites. It is unknown whether
these sites are the same as those revealed in the present ex-
periment. For definite characterization of the observed low-
affinity ATP-binding sites, it may be important to locate the
sites on the primary structure of the enzyme.

At present we have no evidence for functional roles of the
low-affinity ATP-binding sites shown in the present experi-
ment. However, it is possible that these sites have a role in
modulation of the catalytic activity in some reaction step. This
possible functional role should be revealed in further inves-
tigation.
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